Abstract. We study a new hybrid RANS/Variational Multiscale LES (VMS-LES) model for bluff body flows. The simulations have been carried out using a parallelized solver, based on a mixed element/volume formulation on unstructured grids. First, the behavior of a VMS-LES model with different subgrid scale models is investigated for the flow past a circular cylinder at Reynolds number Re =3900. Second, a new strategy for blending RANS and LES methods in a hybrid model is described and applied to the simulation of the flow around a circular cylinder at Re = 140000.
Introduction
The approach involving the Reynolds-Averaged Navier-Stokes equations (RANS) is widely used for the simulation of complex turbulent flows. However these models are not sufficient to properly simulate complex flows with massive separations such as the flow around bluff bodies. The LES approach gives generally more accurate predictions but requires higher computational cost.
The traditional LES approach is based on a filtering operation, the large energy-containing scales are resolved and the smallest scales are modeled using a sub-grid scale (SGS) model. Usual LES subgrid stress modeling like in the Smagorinsky model are based on the assumption of an universal behavior of the subgrid scales. Due to this assumption, energy-containing eddies must not be filtered. Then large Reynolds numbers cannot be addressed with reasonable coarse meshes, except, in particular regions of detached eddies. Even in the case of low Reynolds number or detached eddies, a particular attention must be paid to energetic eddies. For example, the classical eddy-viscosity models are purely dissipative. Often unable to model backscatter, they apply, instead, damping to large resolved energetic eddies.
Starting from these remarks, we investigate the application of a complementary mechanism for filtering scales. The Variational Multiscale (VMS) concept of Hughes [9] appears as a reasonable answer to the filtering issue. The VMS approach was originally introduced by Hughes [9, 29] for the LES of incompressible flows and implemented in a Fourier spectral framework using a frequency cutoff for the scale separation (small and large scales). In this approach, the NavierStokes equations are not filtered but are treated by variational projection, and the effect of the unresolved scales is modeled only in the equations representing the small resolved scales. The VMS-LES approach (even with simple subgrid scale models as Smagorinsky's model) and dynamic LES models have shown similar order of accuracy, but the former is less computationally expensive and does not require any ad hoc treatement (smoothing and clipping of the dynamic constant, as usually required with dynamic LES models) in order to avoid stability problems. In this work, we consider the VMS-LES implementation presented in [13] for the simulation of compressible turbulent flows on unstructured grids within a mixed finite volume/finite element framwork. We investigate the effect of subgrid scale models in our VMS-LES method for the simulation of a bluff-body flow.
Another major difficulty for the success of LES for the simulation of complex flows is the fact that the cost of LES increases as the flow Reynolds number is increased. Indeed, the grid has to be fine enough to resolve a significant part of the turbulent scales, and this becomes particularly critical in the near-wall regions. A new class of models has recently been proposed in the literature in which RANS and LES approaches are combined together in order to obtain simulations as accurate as in the LES case but at reasonable computational costs. Among these so-called hybrid models described in the literature, the Detached Eddy Simulation (DES) [27] has received the largest attention. Among these so-called hybrid models, we proposed a new strategy for blending RANS and LES approaches in a hybrid model [20, 7] . To this purpose, as in [16] , the flow variables are decomposed in a RANS part (i.e. the averaged flow field), a correction part that takes into account the turbulent large-scale fluctuations, and a third part made of the unresolved or SGS fluctuations. The basic idea is to solve the RANS equations in the whole computational domain and to correct the obtained averaged flow field by adding, where the grid is adequately refined, the remaining resolved fluctuations. We search here for a hybridization strategy in which the RANS and LES models are blended in the computational domain following a given criterion. To this aim, a blending function is introduced, θ, which smoothly varies between 0 and 1. In particular, two different definitions of the blending function θ are proposed and examined in this paper. They are based on the ratios between (i) two eddy viscosities and (ii) two characteristic length scales. The RANS model used in the proposed hybrid approach is a lowReynolds version [8] of the standard k − ε model, while for the LES part the Variational Multiscale approach (VMS) is adopted [9] . In this paper, we present VMS-LES and RANS/LES parallel simulations of bluffbody flows, by a computational fluid dynamics (CFD) software which combines mesh partitioning techniques and a domain decomposition method. These simulations require to discretize the fluid equations on large three-dimensional meshes with small time-steps. Therefore they require intensive computational ressource (in terms of CPU and memory) and parallel computation is of particular interest for such applications.
Turbulence modeling

Variational Multiscale LES
In this paper, we consider the Koobus-Farhat VMS implementation [13] for the simulation of compressible turbulent flows. It uses the flow variable decomposition [6] : 
A projector operator onto the LRS space W is defined by spatial averaging on macro cells, obtained by finite-volume agglomeration which splits the basis/test functions φ l into large scale basis denoted φ l , and small scale basis denoted φ l .
By variational projection onto W and W , we obtain the equations governing the large resolved scales and the equations governing the small resolved scales. A key feature of the VMS model is that we set to zero the modeled influence of the unresolved scales on the large resolved ones. The SGS model is introduced only in the equations governing the small resolved scales, and, by combining the small and large resolved scale equations, the resulting Galerkin variational formulation of the VMS model writes:
where τ LES (W ) is the subgrid scale tensor computed using the SRS component and which is defined by a SGS eddy-viscosity model.
For the purpose of this study, three SGS eddy-viscosity models are considered: the classical model of Smagorinsky [25] , and two recent and promising models, namely the WALE model [21] and the one of Vreman [31] . More details on this VMS-LES approach can be found in [13] .
Hybrid RANS/VMS-LES
As in Labourasse and Sagaut [16] , the following decomposition of the flow variables is adopted: If we write the Navier-Stokes equations in the following compact conservative form:
in which F represents both the viscous and the convective fluxes, for the averaged flow W we get:
where τ RAN S ( W ) is the closure term given by a RANS turbulence model. As well known, by applying a filtering operator to the Navier-Stokes equations, the LES equations are obtained, which can be written as follows:
where τ LES is the SGS term. An equation for the resolved fluctuations W c can thus be derived (see also [16] ):
The basic idea of the proposed hybrid model is to solve Eq. (5) in the whole domain and to correct the obtained averaged flow by adding the remaining resolved fluctuations (computed through Eq. (7)), wherever the grid resolution is adequate for a LES. To identify the regions where the additional fluctuations must be computed, we introduce a blending function, θ, smoothly varying between 0 and 1. When θ = 1, no correction to W is computed and, thus, the RANS approach is recovered. Conversely, wherever θ < 1, additional resolved fluctuations are computed; in the limit of θ → 0 we want to recover a full LES approach. Thus, the following equation is used here for the correction term:
Although it could seem rather arbitrary from a physical point of view, in Eq. (8) the damping of the righthandside term through multiplication by (1 − θ) is aimed to obtain a smooth transition between RANS and LES. More specifically, we wish to obtain a progressive addition of fluctuations when the grid resolution increases and the model switches from the RANS to the LES mode. Summarizing, the ingredients of the proposed approach are: a RANS closure model, a SGS model for LES and the definition of the blending function.
RANS and LES closures:
For the LES mode, we wish to recover the variational multiscale approach described in Section 2.1. Thus, the Galerkin projection of the equations for averaged flow and for correction terms in the proposed hybrid model become respectively:
where τ RAN S ( W is the closure term given by a RANS turbulence model and τ LES (W ) is given by one of the SGS closures mentioned in Section 2.1.
As far the closure of the RANS equations is concerned, the low Reynolds k − ε model proposed in [8] is used.
Definition of the blending function and simplified model: As a possible choice for θ, the following function is used in the present study:
where ξ is the blending parameter, which should indicate whether the grid resolution is fine enough to resolve a significant part of the turbulence fluctuations, i.e. to obtain a LES-like simulation. The choice of the blending parameter is clearly a key point for the definition of the present hybrid model. In the present study, different options are proposed and investigated, namely: the ratio between the eddy viscosities given by the LES and the RANS closures and the ratio between the LES filter width and a typical length in the RANS approach.
To avoid the solution of two different systems of PDEs and the consequent increase of required computational resources, Eqs. (9) and (10) can be recast together as:
Clearly, if only Eq. (12) is solved, W is not available at each time step. Two different options are possible: either to use an approximation of W obtained by averaging and smoothing of W , in the spirit of VMS, or to simply use in Eq. (12) τ RAN S (W ). The second option is adopted here as a first approximation. We refer to [20, 7] for further details.
Numerical method and parallelisation strategy
The fluid solver AERO under consideration is based on a mixed finite element/finite volume formulation on unstructured tetrahedral meshes. The scheme is vertex-centered, the diffusive terms are discretized using P1 Galerkin finite elements and the convective terms with finite volumes. The Monotone Upwind Scheme for Conservation Laws reconstruction method (MUSCL) is adopted here and the scheme is stabilized with sixth-order spatial derivatives. An upwind parameter γ, which multiplies the stabilization part of the scheme, allows a direct control of the numerical viscosity, leading to a full upwind scheme for γ = 1 and to a centered scheme for γ = 0. This low-diffusion MUSCL reconstruction, which limits as far as possible the interaction between numerical and SGS dissipation, is described in detail in [4] .
The flow equations are advanced in time with an implicit scheme, based on a second-order time-accurate backward difference scheme. The non-linear discretised equations are solved by a defect-correction (Newton-like) method in which a first order semi-discretisation of the Jacobian is used. At each time-step, the resulting sparse linear system is solved by a Restricted Additive Schwarz (RAS) method [12] . More specifically, the linear solver is based on GMRES with a RAS preconditioning and the subdomain problems are solved with ILU(0). Typically, two defect-correction iterations requiring each of them a maximum of 20 RAS iterations are used per time-step. This implicit scheme is linearly unconditionally stable and second-order accurate.
For what concerns the parallelisation strategy used in this study, it combines mesh partitioning techniques and a message-passing programming model [14, 17] . The mesh is assumed to be partitioned into several submeshes, each one defining a subdomain. Basically the same serial code is going to be executed within every subdomain. Modifications for parallel implementation occured in the main stepping-loop in order to take into account several assembly phases of the subdomain results, depending on the fluid equations (viscous/inviscid flows), the spatial approximation and on the nature of the time advancing procedure (explcit/implicit). Because mesh partitions with overlapping incur redundant floating-point operations, non-overlapping mesh partitions are chosen. It has been shown in [17] that the latter option is more efficient though it induces additional communication steps. For our applications, in a prepocessing step we use an automatic mesh partitioner that creates load balanced submeshes inducing a minimum amount of interprocessor communications. Data communications between neighboring subdomains are achieved through the MPI communication library.
For the simulations presented in the next section, the Roe-Turkel solver is used with a numerical viscosity parameter γ belonging to the interval [0.2, 0.3]. The CFL number was chosen so that a vortex shedding cycle is sampled in around 400 time steps for the low-Reynolds simulations and at least 1500 time steps for the simulations at Re =140000.
VMS-LES Simulations
In this section, we apply our VMS-LES methodology to the simulation of a flow past a circular cylinder at Mach number M ∞ = 0.1 and at a subcritical Reynolds number, based on body diameter and freestream velocity, equal to 3900.
The computational domain size is: −10 ≤ x/D ≤ 25, −20 ≤ y/D ≤ 20 and −π/2 ≤ z/D ≤ π/2, where x, y and z denote the streamwise, transverse and spanwise direction respectively. The cylinder of unit diameter D is centered on (x, y) = (0, 0).
The flow domain is discretized by an unstructured tetrahedral grid which consists of approximatively 2.9×10 5 nodes. The averaged distance of the nearest point to the cylinder boundary is 0.017D, which corresponds to y + ≈ 3.31. For the purpose of these simulations, the Steger-Warming conditions [28] are imposed at the inflow and outflow as well as on the upper and lower surface (y = ± H y ). In the spanwise direction periodic boundary conditions are applied and on the cylinder surface no-slip boundary conditions are set.
To investigate the effect of the different SGS models in the VMS-LES approach, three simulations are carried out on the same grid: VMS-LES with classical Smagorinsky's SGS model (VMSLES1) as a reference model, VMS-LES with Vreman's SGS model (VMSLES2) and VMS-LES with WALE SGS model (VMSLES3).
The instantaneous streamwise velocity isocontours are plotted in Figure 1 . This plot highlights the small structures predicted in the wake by the rather coarse mesh employed in this work, and the three dimensionality of the flow.
The averaged data are obtained using about 27 shedding cycles or 150 nondimensional time units after the initial transient period.
Time-averaged values and turbulence parameters are summarized in Table 1 and compared to data from experiments and to numerical results obtained by other investigators using dynamic LES models on finer grids (containing between half a million and 7.5 million nodes).
As shown in Table 1 , the simulations are in good agreement with the experimental values and we notice that the SGS model does not seem to have an impact on the solution accuracy. Figure 2 (a) shows the time-averaged streamwise velocity on the centerline direction of the present simulations. There are in accordance with the experiments of Lourenco and Shih (data from Beaudan and Moin [2] ) and Ong and Wallace [23] .
Figure 2 (b) shows the pressure distribution on the cylinder surface averaged in time and on homogeneous z direction. The results from the simulations are very close each other on the whole cylinder and it appears a deviation with the experimental data from Norberg [22] . The discrepancies visible between 60 and 80 degrees may be explained by the rather coarse grid used.
The Fourier energy spectrum of the spanwise velocity at P(3, 0.5, 0) for Vreman SGS model with LES and VMS-LES is displayed in Figure 3 [22] is nondimensionalized by the Strouhal shedding frequency. Via the Taylor hypothesis of frozen turbulence (which is justified since the mean convection velocity is large at that point) which allows to assume that high (low) time frequencies correspond to small (large) scale in space, we observe that the energy in the large resolved scales are higher with VMS-LES than with LES. These results corroborate the fact that in the VMS-LES approach, the modeling of the energy dissipation effects of the unresolved scales affects only the small resolved scales contrary to the LES approach in which these dissipative effects act on all the resolved scales. For this problem involving 1.5 million degrees of freedom and for twenty shedding cycles simulation, the simulation time is about 7 hours on a 32-processor IBM Power 4 computer.
Hybrid RANS/VMS-LES Simulations
The new proposed hybrid model (Fluctuation Correction Model,FCM) has been applied to the simulation of the flow around a circular cylinder at Re = 140000 (based on the far-field velocity and the cylinder diameter). The domain dimensions are: −5 ≤ x/D ≤ 15, −7 ≤ y/D ≤ 7 and 0 ≤ z/D ≤ 2 (the symbols are the same as in Section 4). Two grids have been used, the first one (GR1) has 4.6×10 5 nodes, while the second one has (GR2) 1.4×10 6 nodes. Both grids are composed of a structured part around the cylinder boundary and a unstructured part in the rest of the domain. The inflow conditions are the same as in the DES simulations of Travin et al. [30] . In particular, the flow is assumed to be highly turbulent by setting the inflow value of eddy-viscosity to about 5 times [30] . This setting corresponds to a free-stream turbulence level u 2 /U 0 (where u is the inlet velocity fluctuation and U 0 is the free-stream mean velocity) of the order of 4%. As discussed also by Travin et al. [30] , the effect of such a high level of free-stream turbulence is to make the boundary layer almost entirely turbulent also at the relatively moderate considered Reynolds number. The boundary treatment is the same as for the VMS-LES simulations in Section 4, except that wall laws are now used. The RANS model is that based on the low-Reynolds approach [8] . The LES closure is based on the VMS approach (see Section2.1). The SGS models used in the simulations are those given in Section2. The main parameters characterizing the simulations carried out with the FCM are summarized in Table 3 . Main bulk flow quantities for the circular cylinder test case. Same notations as in Table 1 .
the refinement changes the local quality of the grid (in terms of homogeneity and regularity of the elements) and this may enhance the sensitivity of the results. The sensitivity to the VMS-LES closure model is also very low (compare FCM2, FCM4 and FCM5). This very low sensitivity has been observed also in VMS-LES simulations at low Reynolds number see Section4 and, thus, it seems more peculiar to the VMS-LES approach rather than to the hybrid model. The agreement with the DES results is fairly good. As for the comparison with the experiments, as also stated in Travin et al. [30] , since our simulations are characterized by a high level of turbulence intensity at the inflow, it makes sense to compare the results with experiments at higher Reynolds number, in which, although the level of turbulence intensity of the incoming flow is very low, the transition to turbulence of the boundary layer occurs upstream separation. The agreement with these high Re experiments is indeed fairly good, as shown in Table 3 and in Figure 4 . The behavior of the separation angle requires a brief discussion. There is a significant discrepancy between the values obtained in DES and the experimental ones. For our simulations, the values of θ sep shown in Table 3 are estimated by considering the point at which the C p distribution over the cylinder becomes nearly constant (see e.g. Figure 4 ), as usually done in experimental studies. Indeed, the reported values are generally in better agreement with the experiments than those obtained by DES. However, if we estimate the separation angle from the streamlines of the average or instantaneous velocity fields, significantly lower values are found (reported in parentheses in Table 3 for the simulations FCM4 and FCM5); these values are closer to those obtained by DES. Finally, the model works in RANS mode in the boundary layer and in the shear-layers detaching from the cylinder, while in the wake a full VMS-LES correction is recovered. For this problem involving 3.2 million degrees of freedom and for twenty shedding cycles simulation, the simulation time is about 30 hours on a 32-processor IBM Power 4 computer and about 16 hours on a 32-processor IBM Power 5 computer.
Conclusion
In this paper we have presented parallel simulations of three-dimensional turbulent flows. We have first investigated the application of a Variational multiscale LES for the simulations of a flow past a circular cylinder at a subcritical Reynolds number equal to Re =3900. Although a rather coarse grid has been used, this model gives accurate predictions of bulk coefficients and shows that two recently developed SGS models, the Vreman's model and the WALE model combine well in the VMS formulation. Moreover, it appears in this approach that the influence of the SGS model is weak, but this seems to give a support to the VMS idea of adding some dissipation only to the smallest resolved scales. In a second part, we have presented a hybrid RANS/LES approach using different definitions of blending parameter and SGS models. For the closure of the LES part, the VMS approach has been used. This model is validated on the prediction of a flow around a circular cylinder at higher Reynolds number (Re =140000). The results obtained correlate well with the experimental and numerical data from the literature as well as the behavior of the blending function.
